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SUMMARY 


A vlnd-tunnel investigation has been conducted using an articulated heli- 
copter model rotor system to determine the effects of several blade tip designs 
on both the performance and acoustic characteristics of the rotor. Only the 
performance characteristics are presented in this paper. Six tip shapas were 
tested: a square (baseline) tip, an ogee tip, a subwing tip, a swept tip, a 
winglet tip, and a s)iort ogee tip. Tests were conducted at two rotor rotc.- 
tional speeds and five advance ratios including hover. 

In hover at the lower rotational speed and a given lift coefficient, the 
swept, ogee, and short ogee tips had about the same torque coefficient, and the 
subwing and winglet tips had a larger torque coefficient than the baseline 
square tip blades. In simulated forward flight, the ogee tip had values of 
torque coefficient very close to or leas than the baseline square tip blades. 

In simulated forward flight at 1200 rpm, the ogee tips showed a decrease in 
torque coefficient relative to the baseline blades as drag coefficient 
decreased. The swept tip blades required less torque coefficient at lower rota- 
tional speeds than the baseline square tip blades and roughly equivalent torque 
coefficient at higher rotational speeds in forward flight. The short ogee tip 
was tested in limited forward fliaht conditions and it required higher torque 
coefficient at higher lift coefficient than the baseline square tip blade. 


INTRODUCTION 

Excessive noise has limited the acceptability of the helicopter near popu- 
lated areas to such an extent that noise reduction has become an important fac- 
tor in helicopter design. The effect on rotor performance of the changes in the 
design to reduce noise must be evaluated. Many past tests of these designs have 
included thorough investigations of either the performance or acoustic charac- 
teristics but not both. It is difficult to determine the effect of design 
changes on the rotor acoustics and performance because the past test? /e been 
performed on different rotor systems with different scale factors. S«.cral 
rotoi blade tip shape designs have demonstrated improved acoustic character- 
istics. To evaluate the effect of tip shape on the performance characteristics 
of a rotor, a wind-tunnel test has been conducted using a single articulated 
model rctor system with five interchangeable sets of blade tips. Subsequent 
to the first test, a sixth tip shape was evaluated for performance in a limited 
range of flight conditions. The first five tip shapes were evaluated for acous- 
tic performance. The acoustic results from the tests may be found in refer- 
ence 1; the performance results ate presented herein. 

The six removable tips tested were a square tip (baseline) , an ogee tip, 
a swept tip, a subwing tip, a winglet tip, and a short ogee tip. Bach set of 
tips was tested in hover at a rotational speed of 1200 rpm. Because the radii 
for all tip shapes were not identical, this speed corresponded to tip speeds 
ranging from 19d m/sec (649 ft/sec) to 207 m/sec (680 ft/sec) depending on the 


radius. The square tip, the ogee tip, ar.d the swept tip were subsequently 
tested in hover at 1340 rpAi and in simulated forward flight at 1200 ipm and 
1340 r{»n and four advance ratios of 0.2, 0.3, 0.35, and 0.40. The short ogee 
tip w*3 tested in simulated forward flight at 1200 rpm at an advance. ratio 
of 0.3. 


STHBOLS 

The units used for the physical quantities defined in this paper ere 
given in the International System of Units (SI) and parenthetically in the 
Custt^naary Units. Meesurements and calculations were mads in the U.S. 
Customary Units. Conversion factors relating the ttio systems are presented in 
reference 2. The rotor perfotMance data have been resolved in the stability 
axis system with the etoaent reference center located at the center of the 
rotor hub . 
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NOOBL AND APPARATUS 

The general rotor aodel systea (GfWS) was used in the Langley V/STOL Tunnel 
for this investigation. A sketch of the aodel appears in figure 1, which also 
presents the axis systea. Details of the aodel aay be found in references 3 
and 4. The rotor hub used in the investigation was fully articulated. The 
flatting and lagging hinges were coincident at 7.6 ca (3.0 in.) froa the center 
of rotation. The pitch*flap coupling angle was set at -2^. (Negative pitch- 
liap coupling angles correspond to a decrease in blade pitch with an increase 
in blade flapping.) Position ^^tentioaeters were aounted on the flapping and 
lagging hinges of the reference blades to provide a readout of the flapping and 
lagging sot ions. The rotor control systea was instrumented to provide a readout 
of the rotor control positions. The pitch link of the reference blade had a 
strain gage to aeasure control loads. 

The rotor was driven by t*»o 67-kW (90-hp) electric aotors driving a coa- 
aon transaission. The rotor, transaission, and aotor asseably was aounted on 
a six-coaponent strain-gage balance. The balance was supported by a gimbal 
systea of spriigs and daapers to insure that the rotor would be free from ground 
resonance . 

The rotor blades used In the investigation had an NACA 0012 airfoil sec- 
tion. Each blade had provision for a removable tip. Six tip shapes were 
tested In this investigation: a square tip (baseline), an ogee tip, a swept 

tip, a subwing tip, a winglet tip, and a short ogee tip. (See fig. 2 and 
table I.) The square tip, the swept tip, and the winglet tip were all the same 
length so that the radii of these blade sets were equal. The ogee tip was 
longer than the baseline square tip so that its blade radius v/as larger buc the 
blade area was the same as that of the square tip. The subwing tip consisted 
of a basic square tip with a subwing added so that both the radius and area were 
larger for the subwing tip than for the square tip. The short ogee tip had the 
same p] inform as the ogee tip except that the radius was reduced by beginning 
the ogee curvature at the point of tip attachment and shortening the extreme 
tip slightly which resulted in a radius only 1.12 cm (0.44 in.) longer than the 
baseline square tip. Details of the rotor blades are given in table I. 

The blades and tips were designed to keep the change in mass between the 
different types cf tips small. The change is reflected in the blade flapping 
inertias shown in table I. The natural frequencies of the rotor blade with 
each tip ware determined by the method described in reference 5 and the fre- 
quencies for all six tips were very similar. (See table IT.) The effect of 
blade dynamics on the performance of the rotor should be the same for each tip. 

The short ogee tip shape was tested subsequent to the main test. The 
rotor system is identical to that used in the main test, but the helicopter 
model body mounted on the GRMS during testing of the sixth tip shape was that 
of the YAH-64 attack helicopter, helicopter model used during the main 
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test was a r«s«arch helicopter boCy designed to be configuration-independent 
and easily aodeled analytically. 

Photographs of the aodels in the Langley V/8T0L Tunnel are shown in fig- 
ure 3. The a»del was aounted on a ^econd strain-gag<i balance attached to a 
special aodel sting. This sting kxHI support syst«i peraitu the angle of 
attack and angle of sideslip to be varied over wide ranges while the aodel is 
aaintained at a fixed position in the tunnel. 


TKST PRCCBDURBS AM) COtSilTIOMS 

This investigation was conducted in the Langley 'VSTOL Tunnel« which is 
a closed return* ataospheric tunnel. The tunnel may be configured with a 
closed test section or an open test section with the walls and ceiling removed. 
The closed test section measures 4.42 m (14.50 ft) by 6.63 m (21.75 ft). Test- 
ing at forward speed was conducted in the closed test section with the rotor hub 
2.9 m (9.5 ft) above the tunnel flojr. Hover testing was conducted in tne open 
test section at several heights above the tunnel floor: 4.5 m (14.7 ft)* 2.9 m 

(9.5 ft)* and 1.6 m (5.4 ft). Five sets of rotor blade tips were tested in 
hover* and after analysis of the hover results* it was decided that only three 
of those tips - the square tip* the swept tip* and the ogee tip - would be 
tested at simulated forward speeds. The short ogee tip ..as subsequently tested 
in hover and at one forward flight condition. 

The three tips initially tested at simulated forward flight conditions wrre 
tested at rotational speeds of 1 200 rpn and 1 340 rpm and at advance ratios of 
0.0 (hover)* 0.20* 0.30, 0,35* and 0.40. These values were chosen to cover the 
practical range used in helicopters. At each combination of rotational speed 
and advance ratio* tests were made at six nominal shaft angles: 0°, -3°* -6°* 
-9°* -12®* and -15®. At each shaft angle the rotor collective pitch was varied 
in 1® or 2® increments until one or more of the following limits was teache-^: 
maximum temperatures in the electric drive motors* available collective and 
cyclic pitch* lead-lag motion of the blades, and/or stress limits on the blades* 
pitch links, and strain-gage balances. Combinations of rotor rotational speed* 
advance ratio* and shaft angle are shown in table III. At each collective pitch 
setting* the first harmonic longitudinal and lateral flapping with respect to 
the shaft were reduced to zero by varying the cyclic pitch settings. 

The model hub configuration used is representative of a true scale hub. 

For comparison with the baseline blade shape* data presented have not been 
adjusted for force and moment contributions due to aerodynamic forces acting on 
the model rotor hub. The data for simulated forward flight hav®' ^een corrected 
for wall effects by using the methods described in reference 6. The w- 'cected 
tunnel free-stream dynamic pressure and flow direction are u.>3d to compute th“ 
simulated flight speed and rotor shaft angle of attack. 

The rotor balance forces and moments* rotor control positions* and tunnel 
test conditions were recorded on the tunnel digital data acquisition system. 

The instrumented rotor blade flapping angle* pitch link load* and azimuth were 
recorded on an analog tape. 
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PRESOTTATION OF RESULI^ 


The results of this wind-tunnel investigation have been presented in 
dimensional and nondimens ional form in figures 4 to 14, The data are resolved 
in the stability axis system with the moment reference center at the center of 
the rotor hub. Complete results are presented as follows: 
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^he data in figures 7 and 13 compare the performance of the short ogee tip 
with the baseline square tip when both are tested with the YAH-64 helicopter model 
shell mounted. A comparison of performance of the baseline square tip blades at 
the two short ogee blade test conditions with both the research and the YAH-64 
model shells mounted produced no significanc deviation in the results. 
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DISCUSSION OP RESULTS 
Effect of Nond linens ionallzing 

Rotor force ar.d moment data are traditionally presented in coefficient 
form nondimensionfilized by the test medium density, rotor tip speed squared, 
and either the rotor blade area or disk area. The different planforms tested 
in the investigation conplicate the choice of the proper values of radius and 
area. A proper nondimensionalization will rosult in a compaiison of values 
corresponding to forces and moments resulting from tip shape changes only. 

Since changes in tip planform also affect the rotor swept disk 'rea, the tip 
speed, and the rotor solidity, the effects of these quantities on the nondimen- 
sionalization are exeunined. 

Tho blade element analysis method of reference 7 represents the forces and 
moments in the rotor system as the sums of incremental forces and ooments acting 
at diCferent blade radial stations. These incremental forces and moments are 
assumed to be only a function of their radial location. Reference 7 gives a 
technique for determining weighted solidities for blades of arbitrary planform 
based on blade element theory. 

The basis for the weighted solidities found in reference 7 is an equivalent 
effective chord for an imaginary rectangular blade of the sasm radial lengtn as 
the nonrectangular blade. Forces at a given radial station are proportional to 
the jquare of the radial distance from the center of rotation to that station, 
and moments generated at a given radial station about the center of rotation 
are proportional to the cube of the radial distance from the center of rotation 
to that station. Effective chords for use in thrust (force) and torque (mosnnt) 
calculations are given by 
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Weighted solidities, based on the effective chords ccwiputed, ace given by 
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For coiq>arison with this method of nondimensionalization a rotor solidity 
for each tip was rcnputed assuming a rectangular planform to the tull blade 
radius, as given by 
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Values for these solidities for all tip shapes studied are given in table IV. 
Comparison of the results of these methods of nondimensionalizing for hover and 
a forward flight condition can be found in figure 4. The same data presented 
ia a dimensional form can be found in figures 5(a) and ''(c). 

It is apparent that one's perception of t..a effect of tip shape on rotor 
performance is influenced by tha normalizing procedure chosen to aralyze the 
data. Nondimensionalization by the weighted-solidity technique, which, in 
effect, distributes planform variations uniformly along the blade span, obscures 
the nfluence ol shape changes occurring in a highly localized area of dis- 
tinctly three-dimensional flow effects because ‘:he normalizing technique is 
based on the two-dimensional blade •' lement theory. On the other hand, non- 
dimensionalization of the data by a rectangular-solidity method, where the 
basic blade chord is retained out to the full tip radius, yields a closer 
approximation to the actual physical processes involved, since the planform 
variations are confined to a compuLatively small portion of the blade. Although 
some variation due to unequal blade planform areas is present when the 
rectangular-solidity technique is used, it is believed that this procedure is 
more effective in representing tip shape change effects than the weighted- 
solidity method. Accordingly, data presented in this report, unless otherwise' 
specified, have been normalized by the rectangular-solidity technique. 


Effect of Tip Shape in Hover 

The nondimens ional rotor hover performance at 1200 rpm is presented in 
part (a) of figures 4, 5, 7 to 10, and 13 and figures 11 and 12. When the 
results at practical nondimens ional lift coefficients (Cj/o > 0.04) are com- 
pared, both the ogee and the swept tip blades require the same torque coef- 
ficient at a given lift coefficient as the baseline square tip blades. The 
subwing and the winglet tip blades required a larger torque coefficient at 
a given lift coefficient than the baseline square tip blades. Because the 
subwing and the winglet tips experienced significantly higher torque coef- 
ficients than the other tips during the 1200 rpm hover testing, they were 
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eliminated fron further testing. The short ogee tip showis less tor<|ue co*.' 

ficient required belcw a noderate Ixft coefficient (C^/o < 0.05) than t i 

line square tip blades. 

The hover perforaance at 1340 rpa is presented in figures 8(f), 9vt), and 
)0(f) for the square, ogee, and swept tip blades. As was ncced at 1200 rpm. 
tlie ogee tip requires the sawe torque coefficient at a given lift coefficii^n 
as the square tip blades. The swept tip requires an increase in torque coef- 
ficient for practical lift coefficients ifhen cooq>ared with the baseline square 
tip blades. 


Effect of x'ip Shape at Sioulated Forward Speed 

The rotor performance data from the wind-tunnel investigation are presented 
in figure 8 for the baseline square tip blades, in figure 9 for the ogee tip 
blades, and in figure 10 for the swept tip blades. The rotor lift coefficient, 
drag coefficient, torque coefficient, and control-eucis angle of attack are pre- 
sented for each coayaination of advance ratio and rotor rotational speed. For 
hover conparison the baseline squa-e tip data are also presented in figures 9(a), 
9(f) , 10(a) , and 10(f) . 

A direct cocparison of the results for the three tip shapes is cosplicated 
by the small differences in rotor shaft angle of attack. Therefore, tne results 
for the three sets of tip shapes have been interpolated to several values of 
rotor lift coefficient. These results are presented in figures 14(a) to 14(d) 
for 1200 rpa and in figures 14(e) to 14(g) for 1340 rpa. 

Data at 1200 rpm indicate that the ogee tip blades required a torque coef- 
ficient less than or very clot* to that required by the baseline square ^’o 
blades except in the following t%K> conditions: (1) low adv nue ratio (p « 0.20) 

and low lift coefficient (Cjy'o « 0.04) above a drag coefficient of -0.003 and 
(2) advance ratio of 0.30 and lift coefficients of 0.06 emd higher at drag coef- 
ficients above -0.001. When compared to the baseline square tip blades, the 
ogee tip blades demonstrated a significant reduction in torque required at an 
advance ratio ^f 0.35 with lift coefficients of 0.06 and 0.07 below a drag coef- 
ficient of -0.006. The data presented indicate a general performance improve- 
ment (reduction in torque required) for the ogee tip blades as the drag coef- 
ficient decreases when compared with the data for he baseline square tip 
blades. At 1340 rpm, the data presented indicate that relative to the baseline 
square ti > blades, there is a smaller torque coeificient required for the ogee 
tip blades at the higher lift coefficient at all but the lowest advance ratio 
where tho torque requirements are vary close. 

Data at 1200 rpm for the swept tip blades indicate a torque coefficient 

requirement of less than that for tlie baseline square tip blades for all esses 

except those where torque coefficients *#ere very close, as follows: (1) at an 

advance ratio of 0.20 and low lift coefficient (Ci/o ■ 0.04) below a drag coef- 
ficient of -0.003; (2) at t>'® advance ratio of 0.35 and (a) lift coefficient 

of 0.04 and drag coefficien xess than -0.002, (b) lift coefficient of 0.06 
and drag coefficient less th . -0.006, (c) lift coefficient of 0.0*’ and drag 

coefficient less than -0.007; and (3) at an advance ratio of 0.40 and lift 
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coefficients of 0.04 and 0.06. At 1340 rpa, the data presented for the swept 
tip blades indicates torque coefficients very close to those required by the 
baseline ^c.uare tip blades except at an advance ratio of 0.35 and lift coef- 
ficient of 0.07 >rt>ere the torque required by the swept tip blade was less. 

The Halted data presented for the short oqee tip show a saaller torque 
coefficient at low lift coefficient (C[/o » 0.04) and higher torque coefficient 
at high lift (*c«fficient (C^/o » 0.07) than tne baseline square tip blade. 

CONCLUDING RQIARKS 

An investigation was conducted to deteraine the perforaance characteristics 
of tip shapes designed to produce acoustic advantages on a four-bladed, articu- 
lated helicopter rotor. It is clear froa the results that perforaance iaprove- 
aents over certain portions of the flight envelope of helicopter are possible 
by changing the tip of a square tip rotor blade. However, no tip tested showed 
a clear perforaance advantage over the entire range of test conditions. Because 
the level of perforaance differences between various tips was generally quite 
saall, any conclusion as to a *best* tip would be arbitrary at best. For these 
reasons, the data are presented without analysis or conclusions. 


SU)«lARy OF RFSULTS 

The results of a wind-tunnel investigation to deteraine th ts of 

several blade tip designs on the perforaance characteristics of r-bladed, 

articulated rotor are presented. The effects of the tip shapes oe susua- 
rized as follows: 

1. For practical values of hover lift coefficient (C[/o > 0.04) at the 
lower rotational speed, for a given lift coefficient, the swept and ogee tips 
had about the sane torque coefficient and the subwing and wing let tips had 
greater torqu > coefficients than the baseline square tips. 

2. At 1200 rpn the ogee tip blades required a torque coefficient of less 
than or aqual to that of the baseline square tip blades for host of the test 
conditions. The ogee tip blades generally required less torque coefficient as 
the drag coefficient decreased than the baseline square tip blades. At 1340 rpn 
the data presented indicate that the ogee tip blades required a torque coef- 
ficient less than or equal to that of the baseline square tip blades at nost 
test conditions. 

3. For Best test conditions at 1200 rps. the swept tip blades required less 
torque coefficient than the baseline square tip blades. At 1340 rpn the swept 
tip blades required the sane torque coeff.'cient as the baseline square tip 
blades at nost test conditions. 
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4. In the limited test conditions, the short ogee tip requires more torque 
coefficient at higher lift coefficients than the baseline square ti^ blades. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
November 12, 1 980 
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TABLE I.- DETAILS OF ROTOR *“IADES 


Hub type Fully articulated 

Number of blades 4 


Airfoil section . . , . NACA 0012 (except where noted Jn fig. 2) 

Hinge offset, cm (in.) 7.5 (3.0) 

R - cutout, cm (in.) 31.3 (12.5) 


Pitch-flap coupling angle, deg 


Twist rate, deg/cm (deg/in.) -0.051 (-0.129) 

Calculated flaopinq inertia: 

Square tip, kg-m^ (slug-ft2) 0.654 (G.482) 

Ogee tip, kg-m^ f'^lug-ft^) 0.640 {0.472) 

Swept tip, kg-m^ (slug-tt^) .... Cs.632 (0.466) 

Subwing tip, kg-m^ (slug-ft^) 0.667 (0.492) 

Winglet tip, kg-ra^ (slug-ft^) 0.694 (0.512) 

Short ogee tip, kg-m^ (slug-ft^) 0.635 (0.468) 

Radius: 

Square tip, cm (in.) 157.4 (61.98) 

Ogee tip, cm (in.) ... 164.9 (64.92) 

Swept tip, cm (in.) 157.4 (61 .93) 

Subwing tip, cm (in.) 16U.6 (63.23) 

Winglet tip, cm (in.) 157.4 (61 .98) 

Short ogee tip, cm (in.) 158.5 (62.40) 
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TABLE II,- KOTOR SLADE ROTATING NATURAL FREQUENCIES 


Mod*, type 


Horizontal 

Vertical 

Vertical 

Torsion 

Horizontal 

Vertic’^l 

Vertical 


Horizontal 

Vertical 

Vertical 

Torsion 

Hor izontal 

Vertical 


o/U for - 

! f 1 

Square | Ogee Swept Subwing 


Kinglet | Short ogee 


N = 

1200 

rpm 

0, 

28 

0.28 

0.28 

0, 

28 

1 

04 

1.04 

1.04 

1 

04 

2. 

75 

2.73 

2.74 

2, 

75 

4. 

31 

4.20 

4.21 

4. 

21 

4. 

.67 

4.54 

4.48 

4. 

65 

5. 

.17 

5.10 

5.09 

5. 

16 

8 . 

.46 

1 

8.25 

1 _ _ ...1 

8.21 

. 1 

8, 

.44 

N » 1340 

rpm 



0.28 

0.28 

0.28 

0.28 

0.28 

1 ,04 

1.04 

1.04 
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TABLE IV. ~ SOLIDITY VALUES USED IN 


NONDIMENSIONALI ZATICN 


Tip 

a 


Oq 

Square 

0.0871 

0.0858 

0.0854 

Swept 

.0871 

.0809 

.0790 

Ogee 

.0832 

.0711 

.0676 

Sub wing 

.0854 

.0801 

.0784 

Winglet 

.0871 

.0858 

.0854 

Short ogee 

.0865 

.0744 

.0708 






Figure 1 . - Concluded 
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Figure 3.- Models In V/STOL Tunnel. 
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Figure 4 .- Concluded 
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Figure 6.- Forward flight per for nance 
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Figure 6.- Continued 
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Figure 6.- Continued. 
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Figure 7.- Short ogee tip performance. 







Figure 8.- Continued 
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Figure Continued 
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Figure 8.- Continued 
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Figure 8.- Continued 
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Figure 8.- Concluded. 











Figure 9.- Continued 
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Figure 9.- Continued 







. \ 


Figure 9.- Continued 
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Fi9ur« 9.- continued 





Figur* 9.** Continued 
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Figure 10.** Swept tip perforaance 
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Figure 10.- Continued 
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Figure 10. ~ Continued. 
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Figure 10.~ Continued 




Figure 10.- Continued 








Figure 10.- Continued 




Figure 10.-* Continued 
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Figure 10.- Continued 
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Figure 13.- Short ogee tip performance. 


























































